INTRODUCTION
Table spreads, such as margarine and fat spreads, are multiphase colloidal systems consisting of an aqueous phase dispersed as droplets in a continuous oil phase 1 .
These spreads are water-in-oil W/O emulsions consisting of semisolid fats, water, emulsifiers, and other ingredients. Semisolid fats include high-melting fats that form three-dimensional crystal network structures. The fat crystal structure provides plastic characteristics with some rheological properties such as hardness, spreadability, and flavor release 2, 3 . Natural fat and lipid resources include vegetable and animal fats and oils, which contain various molecular species with different chemical and physical properties. Amphiphilic molecules, such as monoglycerides, are added to fat products to increase the stability of the dispersed phase and to control the properties and morphology of the fat crystals 4 6 . These surfactants are widely used in the margarine manufacturing industry to increase the stability of W/O emulsions. Fat crystal networks are arranged hierarchically with characteristic and quantifiable nanoscale and mesoscale structures. Transmission electron microscopy TEM is a powerful technique for the observation of nanoscale-sized fat crystals; however, the presence of fluid oil between the fat crystals obstructs the view 7 . The Marangoni group developed a revolutionary observational method to quantify the smallest fat crystal unit structure by an effective sample treatment consisting of nanocrystal extraction using cold isobutanol prior to imaging by cryo-TEM 8 .
These nanoplatelets interact and aggregate via van der Waals forces into larger fractal structures, which eventually form a three-dimensional network. The group studied the effects of shear on crystalline orientation in the nanostructure of triglyceride TG crystal networks for a bulk fat system using this technique 9 11 , suggesting that these dispersed water droplets are generated, which also influence crystal behavior. The crystallization of fats in emulsions determines their physical properties, which are related to product quality 16 18 . The rheological properties of fat products depend on the ratio of solid crystallized fat to oil and on the structure of that crystalline fat. Thus, control of fat crystallization is important in the industrial processing of fat products. Currently, there is insufficient information regarding nanoplatelet structure on the physical properties of W/O emulsions involving semisolid fats. The nanostructure observation technique of cryo-TEM involves a staining treatment with uranyl acetate for the purpose of enhancing contrast, which enables adequate quantification of the nanoplatelets. Common margarine products contain milk powder ingredients for the purpose of providing favorable milk flavors. The proteins derived from milk ingredients are stained in the visual field with uranyl acetate, and this represents a serious obstacle for accurate quantification of the nanoplatelets.
The aim of this study was to investigate the effect of nanostructured fat crystals on the physical properties of W/O emulsions containing semisolid fats. The ingenuity of removing proteins from W/O emulsions using water washes in the nanoplatelet extraction step resulted in a clear field of view. We compared the measurement of the oil migration of W/O emulsions prepared using different fat ingredients to the solid fat content SFC and the size of the nanoplatelets obtained using cryo-TEM observation. The thicknesses of the nanoplatelets were calculated using Scherrer s equation and X-ray diffraction XRD .
EXPERIMENTAL

Materials
Soybean oil, partially hydrogenated soybean oil, palm oil, and partially hydrogenated palm oil were purchased from the Nisshin OilliO Group, Ltd. Tokyo, Japan . Milk fat was prepared by removing the water phase from butter obtained from Megmilk Snow Brand Co. Ltd. by heat separation treatment at 50 . The distilled monoglycerides, including typical saturated fatty acid-based monoglyceride S-MAG, 43.0 palmitic acid and 54.6 stearic acid and unsaturated fatty acid-based monoglyceride US-MAG, 6.0 palmitic acid, 79.3 oleic acid, and 7.7 linoleic acid , were obtained from Riken Vitamin Co. Tokyo, Japan . The formulations of model W/O-type emulsified samples, which contained soybean oil, semisolid fat, emulsifier, and water, are shown in Table 1 . The fatty acid compositions of the fat phase in each of the samples are shown in Table 2 . The 4 emulsified samples were emulsified using S-MAG as a surfactant and contained palm oil PalmCont. , partially hydrogenated soybean oil PHS , milk fat MF , and partially hydrogenated palm oil PHP . The sample corresponding to the replacement of S-MAG with US-MAG was prepared and labeled as Palm-UFAM. The sample without a water phase, in which the proportion of the other ingredients matched with the emulsified sample, was prepared and labeled as Palm-bulk. Furthermore, to investigate the protein removal procedure to avoid protein staining by the uranium treatment for the observation of cryo-TEM , 1.5 skim milk powder was added to the formulation of Palm-Cont.
Preparation of the W/O emulsions and bulk fat blends
S-MAG or US-MAG was added to the fat blends, melted, and maintained at 80 for 30 min to erase all crystal memory. Then, the water phase was funneled into the fat blend, followed by mixing using a homogenizer Ultra-Turrax T25 disperser, Ika Werke GmbH & Co. KG, Staufen, Germany at 50 . The pre-emulsified mixes 300 g were cooled rapidly using a batch-type scraped surface heat exchanger in which the walls in contact with the sample mixes were cooled at 20 using a circulated liquid refrigerant. The mix was cooled in a stainless container, 8 cm diameter and 8 cm deep, and mixed with 2-blade propellers set at a rotating speed of 600 rpm. The temperature of the mix during cooling was monitored by a thermometer dredged through the mix. This apparatus made the mixes cool rapidly from 50 to 10 in 300 min. Immediately after achieving 10 , the crystallized mixes were collected in polypropylene containers. The samples were kept at 5 until the following determinations were performed.
Small-angle XRD measurements
We carried out XRD measurements Rint-Ultima 2000, CuKα: λ 1.54 Å; Rigaku, Tokyo, Japan to determine the short-angle diffraction patterns 2θ 0-6 and to calculate the long spacing of crystal polymorphs 19 . The sample was maintained at 5 during the measurements. We performed duplicate analyses of these measurements, and the reproducibility of each data point was confirmed for all the measurements.
SFC measurements SFC was determined with an NMR Analyzer mq20
Bruker Optik GmbH, Ettlingen, Germany . Specimens were obtained using hollow stainless cylinders from the sample blends at random locations by hand. The filled cores were then transferred directly into NMR tubes ID 0.8 cm, L 18 cm 20 . Duplicate analyses were performed on all SFC measurements, and the reproducibility of each data point was confirmed for all the measurements.
Fatty acid analysis
The fatty acid compositions of the fat blends and monoglycerides were determined according to the AOCS official Ce 1c-89 21 . A GLC using HP5890 Agilent Technologies, Inc., Palo Alto, CA, USA with an SP-2560 column Supelco, Inc., Bellefonte, PA, USA and equipped with a FID operated at 300 was utilized. The injector port temperature was maintained at 250 , and analyses were performed by ramping from 180 to 200 at 2 /min after an initial holding time of 45 min at 180 .
Pretreatment for extraction of nanoplatelets
The sample pretreatment procedure for extraction of nanocrystals was conducted based on previous reports 8 .
Fat blend samples 0.8 g were suspended in cold 2-butanol 10 mL to wash off fluid oils. The mixture was then homogenized at 24,000 rpm for 10 min using a homogenizer attached to the disperser element S10N-10G Ultra-Turrax T25 disperser, IKA Werke GmbH & Co. KG, Staufen, Germany . The mixture was vacuum filtrated through a membrane filter of 1.0 μm pore size, and the crystals were collected using a spatula. The recovered crystals were then resuspended in cold isobutanol 10 mL and cold water 10 mL and rehomogenized for 10 min. Then the mixture was vacuum filtrated. Thereafter, the recovered crystals were suspended in cold isobutanol, and were sonicated for 20 min using a sonicator Branson 3510J-MTH, Yamato Scientific Co., Ltd., Tokyo, Japan . During this sonication step, ice packs were placed in the water bath to prevent the temperature from increasing.
Cryo-TEM observation
Approximately 4 μl of the sample mixtures were placed on a carbon grid with a perforated carbon film C-flat CF-2/2-4C, Protochips, Morrisville, NC under refrigeration temperatures. Excess liquid was blotted off using a filter paper for 4 s. A drop of 2 uranyl acetate solution was then added in order to enhance the contrast of the crystals against the solvent. Excess solution was blotted off using a filter paper for 4 s. After 2 s, the grid was dipped into liquid ethane EM GP; Leica Microsysteme GmbH. Germany and transferred to a cryo holder JEOL Ltd., Tokyo, Japan for direct observation at 269 in a JEM3000EFC JEOL Ltd., Tokyo, Japan , incorporating a top-entry liquid-helium-cooled stage, operated at 300 kV using an MDS Minimum Dose System, JEOL Ltd., Tokyo, Japan . Micrographs were obtained using a sensitive charge-coupled device camera Temcam-F214, TVIPS GmbH, Gauting, Germany .
Measurements of oil migration
Determination of oil migration is used to evaluate oil off, which is one of the quality defect of fat spread products. Specimens for oil migration studies were molded into a stainless cylinder 10 mm diameter and 5 mm thick . The specimens were kept at 0 for 30 min, and a scaled filter paper 5 mm 40 mm was inserted into the center of the mix. The vertical oil penetration distance into the filter paper standing on the mix at 23 was recorded after 90 min.
Statistical analyses
One-way analysis of variance was used to compare the means among groups. Post hoc multiple comparisons were conducted using Tukey s test, with the level of statistical significance taken as p 0.05. Statistical analyses were performed using PASW statistic 18 SPSS Japan Inc., Tokyo, Japan .
RESULTS
Water washing to avoid undesired staining
Electron microscopy is a suitable technique for the observation of nanoscale-sized fat crystals because of its higher resolution. The uranium stain solution that is used for image contrast improvements in TEM observations turns proteins, such as casein added as water-phase ingredients, into black stains, prohibiting the quantification of nanoplatelets extracted from the samples. This problem makes evaluation of the nanostructure in actual fat products, such as margarine and butter, difficult. To remove the proteins, we added a water-wash step after the cold 2-butanol-based sample treatment for extracting nanocrystals during the pretreatment procedure. Figure 1 shows the nanoplatelet image using a cryo-TEM without a and with b the water-wash step in the pretreatment procedure. Skim milk powder 1.5 was added into the water phase in pre-emulsification preparation. The black spots in the untreated image disappeared with the water-wash treatment, allowing the nanoplatelets to be identified b . The improved method enabled us to observe W/O-type semisolid fat samples and even commercially available fat products.
3.2 Nanostructure of W/O emulsions containing semisolid fats Both the cooling and shearing rates in the crystallization of semisolid fats are reported to influence the crystalline structure and crystalline size, resulting in specific rheological properties. In our study, W/O-type fat emulsified samples were prepared using a batch-type scraped surface heat exchanger. Figure 2 shows that no differences in cooling rates were observed during the preparation of the W/O-type emulsification samples. The cooling rate of Palmbulk, which was a sample without a water phase, was slightly faster than that of the W/O-type emulsion samples. The cooling curve differences between W/O-type emulsions and bulk fat blends were attributed to the higher specific heat capacity of W/O-type emulsions containing 29.5 of water. Figure 3 shows images of nanoplatelet structure and distributions of nanoplatelet length that were extracted from the Palm-Cont., PHS, MF, PHP, and Palm-bulk samples. PHS and MF provided wide distribution of platelet lengths. PHS had the longest nanoplatelets, and MF had the shortest nanoplatelets among four W/O type samples. The addition of surfactants under crystallization has been reported to influence crystal sizes; specifically, the addition of palmbased monoglycerides led to an increase in nanocrystal sizes 22 . In the present study, no difference in nanoplatelet length was observed between Palm-Cont. and Palm-UFAM. This result indicates that the saturation of fatty acids bound to monoglycerides used as an emulsifier did not affect the nanocrystal structure under the rapid crystallization process of these W/O-type emulsions. The nanoplatelet sizes between Palm-Cont. and Palm-bulk were very similar, suggesting that the nanostructure was more influenced by fat composition than the existence of a dispersed water phase.
Crystal thickness by short-length XRD
The fat structure of nanocrystals has been reported to influence the physical properties of emulsions. TG molecules stack in pairs side by side in crystal planes, and the acyl chains are parallel to each other. Furthermore, the continuous self-assembly of TG molecules into crystals results in the formation of long lamellae, with a height corresponding to the long axis of the unit cell 23 . The following Scherrer equation, using the small-angle spacing in the XRD peaks, makes it possible to calculate the crystallite size D 24 . These calculated values were reported to provide analogous results to the measurements of nanoplatelet thickness obtained by cryo-TEM observation 11 .
D Kλ/FWHMcos θ
where θ is the diffraction angle, FWHM is the peak width in radians of the diffraction peak profile at half maximum height, λ is the X-ray wavelength 1.54 for a copper anode , and K, which is the Scherrer constant, is a dimensionless magnitude related to the crystalline shape, taken as 0.9 in this study. Table 3 shows the nanoplatelet thickness calculated using the Scherrer equation. The small-angle 2θ peak top of PHS was 1.90 , which shifted slightly lower than that of the other samples. The MF sample shows a relatively broad peak, suggesting the existence of a variety of fat crystal sizes. The spectrum of Palm-Cont. overlapped with that of Palm-UFAM, indicating that the unsaturation of fatty acids in the monoglycerides did not affect the polymorph. The thickness of MF was the lowest among the 5 samples. This result indicates that crystals of TG involving low to medium length fatty acids make the crystal size smaller. As observed by cryo-TEM, the length of the nanoplatelets of PHS, as well as the thickness, was the highest among the 5 emulsion samples.
Comparison of SFC in model fat samples
Many studies have reported that SFC influences the shape and size of fat crystals, and rheological properties. Matrix supersaturation has also been reported to alter the microstructure of TG networks 25 27 . The SFCs of 5 W/ O-type emulsion samples and 1 bulk sample are shown in Table 3 . The SFC of PHP was the highest among the 5 samples, which was due to the higher composition of saturated fatty acids such as palmitic and stearic acids. The higher SFC of bulk fat blends than that of emulsified samples was suggested to be due to the higher fat content.
No difference of SFC between Palm-Cont. and Palm-UFAM was observed, suggesting that monoglycerides with saturated fatty acids may not affect the SFC.
Oil migration values for W/O emulsions
The oil migration OM values of 5 W/O-type emulsified samples and 1 bulk-type semisolid fat sample are compared in Table 3 . The OM value of Palm-bulk was higher than that of Palm-Cont. This result suggested that the existence of dispersed water droplets in the W/O-type emulsion increased the oil binding ability. The OM values of PalmCont., PHS, and MF were nearly identical. On the other hand, the OM value of PHP was the lowest among the 6 samples, suggesting that the higher SFC is related to the lower OM value.
Factors affecting OM
The ability of a fat crystal network to retain liquid oil is an important function in food products. The crystal size was suggested to influence the ability to entrap liquid oil in the fat crystal network. The relationship between OM and platelet size was determined. Figure 5 
DISCUSSION
Effect of water droplets on crystallization
This investigation was performed with an eye toward applications of W/O-type emulsion products based on information from previous fundamental nanostructure studies. The emulsion interface has been reported to influence nucleation and fat crystal growth, resulting in the formation of molecular aggregates 28 . Although the cooling rate of Palm-bulk was slightly higher than that of Palm-Cont. during crystallization, the platelet size was nearly identical. This result indicates that the interfacial surface of dispersed water droplets in the mix did not affect the nanostructure generation process in this study. On the other hand, a higher OM value for Palm-bulk than for Palm-Cont. was observed. The OM values express the oil binding ability in a fat matrix, including the physical properties, and the physical properties of margarines have been reported to be influenced by thermal treatments 20, 29 . Rousseau et al. 28 investigated the role of SFC in the stability of fat spreads. They observed water droplet images at 10 and 30 with a microscope. Small, well-defined water droplets were observed at 10 , whereas the droplets at 30 were larger. These findings indicate that the water droplets were destabilized because of the much sparser fat crystal network. The nanoplatelets immediately aggregated into larger units during crystallization, leading to the creation of a three-dimensional fat crystal network. The researchers suggested that the fat crystals formed at the interface between the droplets and the fat crystal networks. The present study indicates that the interfacial surface plays a role in increasing the oil binding ability along with trapping water droplets in the matrix.
4.2 Effect of fatty acids bind to triacylglycerol on the length of nanoplate The highest nanoplatelet length and thickness among the W/O-type emulsion samples for PHS was suggested to be caused by the higher composition of elaidic acid in the TGs of PHS. TG molecules stack in pairs side by side in crystal planes, and the acyl chains are parallel to each other. Subsequently, the continuous self-assembly of TG molecules into crystals results in the formation of long lamellae 23 . The incorporation of elaidic acid may facilitate one of the processes involved in the stacking of triacylglycerols. The nanostructure characteristic of MF was a wide distribution in platelet length with relatively smaller sized crystals. MF includes a variety of low and medium chain length fatty acids that bind to TG, in contrast to other samples that use semisolid fats derived from plant oils. The nearly equal platelet size between PHP and Palm-Cont. was observed. PHP and Palm-Cont. had the same top peak radian 2θ due to the similar 3-chain length structure, resulting in a longer lamella stack structure. The higher SFC of PHP, resulting in a lower OM value, was due to the higher proportion of saturated fatty acids for providing a densely packed fat network structure.
4.3 Effect of fatty acids bind to monoglyceride on the length of nanoplate Several studies have reported on the effect of emulsifiers with different fatty acid moieties on the crystallization process 30 33 . The effect of saturation in the fatty acids bound to the monoglyceride was evaluated in this study. The nanoplatelet length and thickness between Palm-Cont. and Palm-UFAM were nearly identical. Furthermore, no difference on the OM was observed. These results indicate that there is little influence of the fatty acid side chain of the surfactant located at the interfacial surface on the oil binding ability of the fat matrix.
Factors related to nanostructured fat crystal
Linear correlations, with high correlation coefficients, between nanoplatelet length and thickness were reported. Simultaneously, different tendencies between nanoplatelet length and thickness, according to the shear rate, were also indicated. The nanoplatelet side profile indicated a layered structure corresponding to the epitaxial assembly of several TG lamellae, and the measured thickness of each lamella in a sample of fully hydrogenated canola oil agreed closely with the small-angle XRD data 11 . The decreasing tendency of the OM value with decreasing thickness was not observed in this study, which was due to the strong impact of the PHP OM value PHP had a higher SFC . To clarify the discrepancies of this study from previous reported data, further studies may be needed to investigate the effect of critical shear rate, TG composition, dispersed water droplet distribution, etc. during crystallization on the nanoplatelet structure, especially using side profile images using cryo-TEM analysis.
CONCLUSIONS
In high-fat products, OM is an important contributor to product quality loss. The effect of nanostructured fat crystals in W/O-type emulsified semisolid fats on the OM property was investigated. We used nanostructure evaluation methods to study emulsified products such as margarine and butter. By comparing cryo-TEM images, to obtain crystallite lengths, and crystallite thicknesses, as obtained with the Scherrer equation, to the oil binding ability, we showed that the crystallite lengths were related to the OM properties of W/O-type emulsions, as is also the case in bulk fat systems. These results suggest that the oil binding ability of fat products is influenced by the nanostructure, which is related to fatty acid composition, interfacial structure, and microstructure. These characteristics, and the SFC, can be used to predict the OM properties of fat products. The knowledge obtained in this study will contribute to the industrial production of fat products for setting the combination or the processing conditions to regulate the function and properties of the produced fat products.
